Abstract: Microalgae consume carbon dioxide for their growth and to produce secondary metabolites. One of the control system challenges is to maximize this carbon dioxide consumption by controlling microalgae growth, and by maintaining its growth rate at an optimal value. However, there is no such thing as a microalgae growth rate sensor. This paper proposes a software sensor for the specific growth rate and biomass concentration of a microalgae culture in a continuous photobioreactor using the measurements of Total Inorganic Carbon in the medium. Numerical simulations are included to illustrate the performance of the proposed estimation strategy.
INTRODUCTION
Due to the considerable contribution to global warming of carbon dioxide rejected by human activities many studies have considered biological systems like carbon dioxide biofixing mechanism (De Morais and Costa, 2007) as a depollution means. Indeed, the recent expansion of environmental technologies has pushed researchers to develop various microalgae farming techniques. These microorganisms have a great capacity of consumption of carbon dioxide converting it into biomass and other secondary metabolites such as intracellular polysaccharides, proteins, pigments, etc. Studies showing the application of cultures of microalgae, developed under optimal conditions in closed systems (photobioreactors), to capture carbon dioxide are reported in literature (Garcia et al., 2007) . Microalgae present a high growth rate, an important photosynthetic activity, and some of them are able to resist to strong carbon dioxide concentrations. In the same way, these micro-organisms present the possibilities of the conditions cultures control in the photobioreactors.
Several species of microalgae, such as Chlorella, characterized by an important photosynthetic activity, are known to convert high carbon dioxide concentrations in photobioreactors with an air-lift agitation system. More specifically, species of Chlorella vulgaris are considered as effective micro-organisms for the bio-fixation of high carbon concentrations (Keffer and Kleinheinz, 2002) . Thus, this green unicellular microalga has a very significant photosynthetic potential and a bio-fixing carbon dioxide rate higher than that of plants.
The modeling of the growth of microalgae represents a very important step towards an efficient control strategy of the culture conditions. Several authors studied the behavior of different microalgae subject to the influence of light intensity (Cornet et al., 1995; Li et al., 2003) , and carbon source (Nouals, 2000) . Estimation techniques are highly required to overcome the inexistence of physical sensors capable of measuring different variables describing system dynamics. More specifically, the growth rate estimation of the microalgae represents a real challenge in bio-processes. The specific growth rate is an important variable in the algal culture to capture CO 2 . Indeed, in order to maximize the carbon dioxide consumption, it is necessary to control the specific growth rate to an optimal maximal value. Various approaches exist in the literature to estimate the biomass from the measurement of the substrate (Li et al., 2003; Bastin and Dochain, 1990) , or the growth rate from the measurement of biomass (Bastin and Dochain, 1990) . Several estimation method have been applied in the biological process such as Kalman filter (Li et al., 2003) and the asymptotic estimator (Bastin and Dochain, 1990) In this study, only the substrate (i.e. total inorganic carbon) and physical measurements (pH, temperature, partial pressure on CO 2 ) are available. In the present paper the aim is to estimate the biomass and the specific growth rate based upon these measurements only using a differential algebraic approach.
The paper is organized as follows. The first section describes the selected growth model and the related mathematical equations. In the second section, an estimator of biomass and specific growth rate is developed. Various simulations are presented in the third section in order to illustrate the effectiveness of this estimator with respect to the computation of state variables from the substrate measurement. Finally, concluding remarks are presented in the last section.
GROWTH MODELLING
In this section, the selected growth model of Chlorella vulgaris is presented. It describes the behavior of this microalga in a continuous culture in the photobioreactor. Light influence on the biomass growth (Nouals, 2000) was taken into account in this model. The growth dynamics is based on two mass balances equations assuming a well-stirred photobioreactor. The first one describes the evolution of the biomass during the culture whereas the second equation describes the consumption of total inorganic carbon by the biomass. TIC is the only substrate considered in this study.
In continuous mode, the dynamic evolution of the cellular concentration is given by the relation:
where  represents the specific growth rate, X is the cellular concentration in the photobioreator (or biomass) and D is the dilution rate, i.e. the ratio between the flow-rate on culture volume.
The total inorganic carbon (TIC) is essentially present in three forms: carbon dioxide, bicarbonate and carbonate ion. The mass balance of TIC in aqueous solution may be expressed as:
where Y X/TIC is the mass conversion yield, which represents the amount of total inorganic carbon converted to biomass. k L a is the gas-liquid transfer coefficient of carbon dioxide.
Furthermore,
is the equilibrium carbon dioxide concentration, defined as:
where 2 CO p is the partial pressure of carbon dioxide and H represents the Henry's constant for carbon dioxide for Bristol 3 N medium at a temperature of 25°C.This medium is the usual one for the studied microalga, and will be used in our experimental assays (Section 4).
The determination of the carbon dioxide concentration in the medium Bristol follows the relation:
where K 1 (pK 1 = 6.35 at 25°C) and K 2 (pK 2 = 10.3 at 25°C) are the equilibrium constants of the chemical equilibriums between CO 2 and HCO 3  and between HCO 3  and CO 3 2 respectively. [H + ] represents the concentration of hydrogen ions in the culture medium and is given by:
The specific growth rate for Chlorella vulgaris depends especially on light intensity, effects of carbon consumption and culture conditions (pH, temperature). Several studies proposed mathematical models for the specific growth rate (Nouals 2000; Filali et al. 2010) . However, since models were developed from specific culture conditions, they remain inaccurate.
THE SPECIFIC GROWTH RATE ESTIMATOR
In this section, we are interested in the development of an estimator for the specific growth rate and biomass of Chlorella vulgaris from the measurement of total inorganic carbon concentration provided by a partial pressure of CO 2 and pH sensors which are the only measurements available.
The differential algebraic approach of observability (Diop, 2002) is used to analyze the observability of µ and X with respect to D,
] CO , and all parameters which are supposed to be constant and known. Decision methods provided by this differential algebraic approach yield the following two differential equations as consequences of Eqs. 1 and 2:
with following notations:
" meaning the derivative of the signal.
It would take more space than available to include details on these differential equation. The reader who is interested in these details is referred to (Diop 2002) and (Chorukova et al., 2007) . In particular, in the latter reference, the observability of a similar system is discussed. Results highlighted in this reference can also apply to our system with the available measurements. Now, the latter two equations can be rewritten in the following forms:
and:
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It is thus apparent that, in any time interval where µ is identically zero Eq. 5b reduces to the trivial one: 0 = 0. In what follows, it is assumed that there is at least one time interval where µ is identically nonzero, and the differential equations are considered to be defined in such a time interval. Dividing Eq. 5b by µ 2 , the previous two equations become:
Introducing notations:
and Eq.6b becomes
The following theorem summarizes the equations leading to the proposed estimator structure.
Theorem:
Assuming the inputs D and [ ] CO to be free of z the previous differential equations (7) are readily dynamic estimators of quantities of interest:
In every time interval [r, s] , where the quantity D is positive the estimation error decreases exponentially in norm as follows
when t tends to s. 
Remark
where [0, T] is a short time window. Integral is calculated over the horizon by means of a trapezium approximation.
The speed of convergence of this estimator depends on the dilution rate D. Thus, the preceding equations (8) allow the estimation of the specific growth rate and biomass with a fixed speed of convergence, which is inversely proportional to the dilution rate D. It should be noted that this estimator (8) converges only if the dilution rate is not equal to zero and, thus, if the system is under a continuous or fed-batch culture and not in batch mode.
NUMERICAL RESULTS
In order to show the efficiency of the proposed estimator, various simulations were carried out in the Matlab TM environment.
The dynamic growth of Chlorella vulgaris depends mainly on light intensity and total inorganic carbon. An empirical parametric model is thus used (Nouals, 2000) in the following and is defined as:
where µ max , K E , K CL and K CI are the maximal specific growth rate, the half saturation constant by light intensity available per cell denoted by E, the limitation and inhibition constant by [TIC cell ], respectively.
The total inorganic carbon concentration available per cell is given by the following relation:
The light intensity accessible per cell (denoted E) is described by the light transfer modeling (Krystallidis, 1994) :
where I in , I out , A r and V represent the incident light intensity, the outgoing light intensity, the bioreactor illuminated area and the volume of the liquid phase in the photobioreactor, respectively.
In the same way, the outgoing light intensity is determined by an analytical expression which implies the values of the cellular concentration and the incident light intensity as shown in the following equation:
where C 1 and C 2 depend essentially on the type of lighting and on the reactor geometry.
Based on this, an identification phase of the growth model parameters is carried out from experimental data of a batch culture of Chlorella vulgaris in a 2.5 L photobioreactor (Filali et al., 2010) .
The numerical values issued from this identification phase are summarized in A first test is handled for a feed flow rate of 0.1 L/h (corresponding to D equal to 0.04 h -1 ) which varies to 0.5 L/h (corresponding to D equal to 0.2 h -1 ) at time t = 60 h. The sampling period is selected equal to 5 minutes. Initial conditions of biomass and total inorganic carbon are (6.10 9 cells/L, 5 mmole/L).
The light intensity is maintained at 90 µmole.m -2 .s  , pH = 6 and the saturation partial pressure of carbon dioxide at 0.05 atm. First, no noise signal was considered in the total inorganic carbon signal.
The specific growth rate, biomass and total inorganic carbon concentrations were computed by simulating the model related to Eq. 1, 2 and 12. Figure 1 illustrates the evolution of the specific growth rate calculated from the previous model, as well as the estimated one. It can be noticed that the proposed estimator allows reconstructing this variable, with a speed of convergence around the inverse of the dilution rate (here about 25 hrs). It can be seen that in case of variation of the dilution rate, the estimator can quickly converge to the real value. Figure 2 compares the estimated and real biomass concentrations. Despite an initialization error, the estimator reconstructs this concentration (via the state z) and estimates it efficiently. Figures 3 and 4 give numerical results for a variation of dilution rate at time t = 100h and for various initializations of the estimator (different initial values on biomass and consequently on z), which represents uncertainty on mass conversion yield. The estimator still converges and estimates accurately the growth rate. Thus, a very good robustness of the estimator with respect initialization can be highlighted. In a second step, robustness of the proposed estimator against noise is studied, in order to investigate the influence of measurement noise resulting from sensors. Simulations with noisy TIC signal are carried out and results are given in Figures 5 to 7. In this case, the flow-rate was taken constant and equal to 0.1 L/h. The considered growth model was simulated over 200h, and noise of zero means and 20% standard deviation of the nominal value was added, acting on the TIC concentration signal.
The proposed estimator is then tested in this simulation test. Total Inorganic carbon concentration and its time derivative were estimated according to Eqs. 10 and 11 over a receding window of about 10h (interval time T). This window depends strongly on the level of the noise in the signal. As seen by Figure 5 , the [TIC] signal is noisy at the beginning which corresponds to the initialization of the estimator Eq. 11. The noise on the TIC concentration signal is filtered efficiently. The evolution of the growth rate, given by Figures 6 and 7 , shows the efficiency of the estimator even in presence of noisy measurement. As for the TIC concentration, the growth rate estimation is very noisy at the beginning since it is computed via numerical time derivative of [TIC] . When the time derivative estimator Eq. 11 is initialized and is applied, Figure 7 shows that the growth rate is efficiently estimated and follows the real growth rate behavior. Biomass concentration is also well estimated as seen in Figure 8 .
Effects of measurement noise acting on the pH signal can also be studied, considering the estimation of pH using Eq. 10. However, this noise is found less critical that the one present in the carbon dioxide measurement. Indeed, the proposed estimator is found to be more sensitive to the estimation of the time derivative of the substrate [TIC] ; and thus, the quality of the estimation of the growth rate depends strongly on the quality of the substrate time derivative. 
CONCLUSIONS AND PERSPECTIVES
This paper proposes an estimator for the specific growth rate of microalgae using measurements of total inorganic carbon. This provides also an estimation of the cellular concentration.
The simulations illustrate the good performance of the proposed estimation scheme. One major advantage of the estimator is that it does not depend on some uncertainties of the growth model of Chlorella vulgaris. In the same way, the implication of the dilution rate variable does not affect the efficiency of the estimation of the specific growth rate and biomass.
A forthcoming study is undertaken in order to check the efficiency of this estimator with respect to uncertainties of gas-liquid transfer coefficient of carbon dioxide and the mass conversion yield of total inorganic carbon into biomass. In the same way, we can improve the computation of the estimated derivative of substrate which is required by this estimator, especially at the beginning of the simulation. 
